HD-A146  984  FORCES  ON  NEUTRAL  ATOMS  DUE  TO  ELECTROMAGNETIC  FIELDS 
<U)  MASSACHUSETTS  INST  OF  TECH  CAMBRIDGE  RESEARCH  LAB 
OF  ELECTRONICS  D  E  PRITCHARD  19  OCT  84 
UNCLASSIFIED  N00014-83-K-0695  F/G  7/4 


AD-A146  984 


ANNUAL  SUMMARY  REPORT 


Forces  on  Neutral  Atoms  Due  to  Electromagnetic  Fields 


Office  of  Naval  Research 
Contract  N00014-83-K-0695 


covering  the  period 
1  September  1983  -  31  August  1984 


Submitted  by? 
David  E.  Pritchard 


DTIC 

ELECTE1 


NOVI  1984 


* 


3 


19  October  1984 


MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
Research  Laboratory  of  Electronics 
Cambridge.  Massachusetts  02139 


DISTRIBUTION  STATEMENT  A 

Approved  tor  public  r*l*OM| 
Distribution  Unlimited 


lY  /O  o W  CO? 


UNCLASSIFIED 


security  classification  of  this  fags 


U  REPORT  SECURITY  CLASSIFICATION 

Unclassified 


2a  SECURITY  CLASSIFICATION  AUTHORITY 


2b.  OECLASSIFICATION/OOWNGRAOING  SCHEOULE 


A.  PERFORMING  ORGANIZATION  REPORT  NUM8ERIS) 


REPORT  DOCUMENTATION  PAGE 


lb.  RESTRICTIVE  MARKINGS 


3.  OISTR I  BUT  ION/AVAILA8ILITY  OF  REPORT 

Approved  for  public  release;  distribution 
unlimited 


6.  MONITORING  ORGANIZATION  REPORT  NUMBSR(S) 


6a.  NAME  OF  PERFORMING  ORGANIZATION 

Research  Laboratory  of  Elect 
Massachusetts  Institute  of  Te 


6c.  AOORESS  (City.  Stata  and  ZIP  Coda! 

77  Massachusetts  Avenue 
Cambridge,  MA  02139 


7a  NAME  OF  MONITORING  ORGANIZATION 


7b.  AOORESS  (City.  Stata  and  ZIP  Coda) 


8a.  NAME  OF  FUNOING/3FONSORING 

8b.  OFFICE  SYMBOL 

B.  PROCUREMENT  INSTRUMENT  IOENTIPICATION  NUMBER 

ORGANIZATION 

(If  applicable 

N000I4-83-K-0695 

Office  of  Naval  Research 

Be.  AOORESS  (City.  Stata  and  ZIP  Coda) 

800  North  Quincy  Street 
Arlington,  Virginia  22217 


11.  title  (Include  Security  Clarification) 

Forces  onNeutral  Atoms  Due  to  Electroma 


12.  PERSONAL  AUTHORIS) 

David  E.  Pritchard 


13a  type  OF  REPORT 

Annual  Summary  Re 


is.  supplementary  notation 


10.  SOURCE  OP  FUNOING  NOS. 


PROJECT 

TASK 

WORK  UNIT 

NO. 

NO. 

NO. 

NR 

407-013 

14.  OATE  OF  REPORT  (Yr..  Mo..  Dm 

4  19  October  1984 


18.  PAGE  COUNT 

14 


COSATI  COOES 


18.  SUBJECT  TERMS  (Continue  on  reuerae  if  n 


t  and  identify  by  block  number > 


19.  ABSTRACT  {Continue  on  reverie  if  neceteary  and  identify  by  block  number ) 

Work  by  D.  E.  Pritchard  and  his  collaborators  is  summarized  here. 


2a  OISTRI  BUTIQN/A V AILA8I  LlTY  OF  ABSTRACT 

UNCLASSI FIE O/UN LIMITED  SAME  AS  RPT.  □  OTIC  USERS  □ 


22a  name  OP  RESPONSIBLE  INOIVIOUAL 

Kyra  M.  Hall 

RLE  Contract  Reports 


00  FORM  1473,  83  APR  eoition  of  i  jan  73  is  obsolete. 


21.  ABSTRACT  SECURITY  CLASSIFICATION 

Unclassified 


22b.  TELEPHONE  NUMBER 
(Include  Area  Codei 

(617)  253-2569 


22c.  OFFICE  SYMBOL 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 


Annual  Sunary  Report  on  OMR  Contract  N00014-83-K-0695 
1  September  1983  -  31  August  1984 

\ 

\ 

1 

Plans  for  an  apparatus  to  trap  neutral  atoas  using  conventional 
wire-wound  aagnets  are  described  In  our  publication  * Apparatus  for  Trap¬ 
ping  Neutral  Atoas*.  We  have  now  gotten  a  sodlua  beaa  In  this  apparatus 
and  are  perforaing  laser  diagnostics  to  enable  us  to  understand  the 
slowing  process.  We  hope  to  observe  stopped  atoas  in  a  few  aonths ;  then 
we  shall  look  for  trapped  atoas. 

When  our  DoD  equipment  grant  arrives,  we  will  begin  construction  of 


a  trap  based  on  superconducting  technology.  This  will  enable  us  to 
begin  the  research  aentloned  In  our  publication  "Whet  to  Do  with  Trapped 


Atoas*. 


f . . 


We  also  organized  and  ran  a  two  day  workshop  on  "Controlling  Atoas" 


on  May  28-29,  1984,  just  prior  to  the  1984  DEAP  Meeting  in  Storrs,  Con¬ 


necticut.  No  ONR  funds  were  expended  on  the  organization  of  this  aeet- 


Apparatus  for  Trapping  Nedtral  Atoms 

Riyad  N.  Ahmad-Bitar,  V.  Bagnato,  P.E.  Moskowitz,  E.  Raab, 

and  D.E.  Pritchard 
Department  of  Physics 
Research  Laboratory  of  Electronics 
Massachusetts  Institute  of  Technology 
Cambridge ,  Massachusetts  02139 

•  . 

Abstract 

He  discuss  an  apparatus,  currently  under  construction  which  we  hope 
will  ultimately  trap  neutral  Na  atoms.  It  is  essentially  a  combination 
of  the  NBS  magnetic  atoms  slower  (PPM83)  and  the  proposed  magnetic  trap 
of  Pritchard  (PRI83)  in  a  relatively  simple  apparatus. 

Figure  1  is  a  schematic  diagram  of  the  apparatus.  It  consists  of  a 
decelerating  region  and  a  trapping  region.  The  spatially  varying  mag¬ 
netic  field  of  the  slower  (solenoid  1)  blends  smoothly  into  the  bottle 
field  of  the  trap  produced  by  solenoid  3.  The  trap  is  a  combination  of 
this  magnetic  bottle  field  and  a  quadrupole  field  produced  by  with  an 
absolute  minimum  about  30  mK  deep  (velocities  below  450  cm/sec  for  Na). 
It  is  capable  •*£  trapping  particles  in  magnetic  sublevels  whose  energy 
increases  with  the  applied  field.  Figure  2a  shows  the  combined  longitu¬ 
dinal  magnetic  field  profile  as  a  function  of  z. 

We  intend  to  experiment  with  a  laser  beam  near  saturation 
(v-jOmW/cm  )  a  diffusive  sodium  beam,  and  to  detect  the  side  fluorescence 
as  a  diagnostic.  The  following  is  an  estimate  of  the  number  of  trapped 


atoms 


1 )  The  number  of  photons  required  to  stop  one 

4 

sodium  atom  is  3x10  photons.  Consider- 
2 

ing  -2  cm  as  a  cross  sectional  area, 

12 

gives  the  number  of  atoms  slowed  down  10  atoms/sec 

2)  Loss  of  atoms  during  the  slowing  occurs 

* 

through  optical  pumping  to  wrong  m^., 
collision  with  the  background  gas,  and 
transverse  heating.  The  fractional  number 
of  completely  decelerated  atoms  is  roughly  0.02 

3)  The  deceleration  of  the  trapped  atoms  by 
the  radiation  force  near  the  trap  bottom 
(with  detuning  about  O'  MHz)  will  maintain 
the  atoms  with  velocity  below  500  cm/sec 

for  about  1  msec 

4)  Of  the  stopped  atoms,  only  a  small  fraction 
have  sufficiently  small  transverse  velocity 

to  be  trapped.  This  fraction  is  0.05 

5)  After  considering  these  factors,  the 

estimated  number  of  trapped  atoms  is  10^  atoms 

Detection:  The  trapped  atoms  will  each  scatter  ^300  photons  before 
recoiling  out  of  resonance  with  the  laser.  Only  *''0.02  are  in  resonance 
at  any  one  laser  frequency,  and  .02  of  the  scattered  light  will  hit  the 
detector.  Thus  one  expects  •''O.l  photon  per  trapped  atom.  This  is  an 


easily  detectable  signal  if  the  detector  noise  and  scattered  light  back 
ground  are  low  enough. 

This  work  was  supported  by  the  Office  of  Naval  Research. 

1.  William  D.  Phillips,  Jobi:  V.  Prodan,  and  Harold  J.  Metcalf,  Nat. 
Bur.  Stand.  (N.S.)  Spec.  Publ.  653,  1  (1983). 

2.  David  E.  Pritchard,  Phys.  Rev.  Lett.  51,  1336  (1983). 
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What  to  Do  with  Trapped  Atoms 


David  E.  Pritc-.vjrd 

Department  of  Physics 
Research  Laboratory  of  Electronics 
Massachusetts  Institute  of  Technology 
Cambridge ,  Massachusetts  02139 

Abstract 

One  watt  of  yellow  light  has  enough  photons  to  stop  lO1^  Na  atoms 
per  second  using  the  relatively  inefficient  spontaneous  light  force  (see 
Phillips  and  Hall  abstracts).  Let  us  now  consider  some  of  the  scien¬ 
tific  payoffs  (and  problems)  raised  by  the  possibility  of  trapping  one 
second's  flux  (i.e.  10  ’  atoms)  in  a  magnetic  trap  such  as  the  one  we 
have  proposed  (PHI83).  It  seems  barely  possible  to  construct  such  a 
-  rap  with  stiffness  J*1  Kelvin  (1.6  Tesla)  per  cm  using  superco.i ducting 
magnet  technology. 

Cooling 

The  first  thing  to  do  is  to  consider  how  cold  it  may  be  possible  to 
get  the  atoms,  since  this  is  of  paramount  importance  in  many  applica¬ 
tions.  The  three  most  useful  types  of  cooling  appear  to  be 

Doppler  Cooling  (WII79)  Limit  <hT^  v'lO^K  for  Na  D  lines. 

Cyclic  Cooling:  A  combined  RF-laser  optical  pumping  scheme  has 
been  proposed  (PRI63)  which  appears  capable  of  cooling  to  an  energy  of  a 


2 

few  *(-fik)  /2M,  the  kinetic  energy  due  to  the  recoil  of  a  single  photon. 
Adiabatic  Cooling:  If  the  inhomogeneous  trapping  fields  are  slowly 

A 

relaxed,  the  trapped  particles  will  cool  adiabatically.  A  10  reduction 

of  trap  stiffness  increases  the  deBroglie  wavelength  by  10  and  decreases 

2 

the  temperature  by  10  . 

Other  promising  methods  of  cooling  include  collisional  exchange 
with  a  heavy  cyclically  cooled  atom  and  evaporative  cooling. 

Cooling  schemes  which  do  not  weaken  the  trap  result  in  an  increase 
in  particle  density  because  the  cooled  atoms  cluster  closer  to 

the  bottom  of  the  trap. 


Type  of 
Cooling 

Kelvin 

cm“3 

1 

cm 

V 

cm/s 

xd 

cm 

V(l) 

Kelvin 

®  , 
cr.4' 

r 

c  • 

Doppler 

<io"3 

io17 

2x1 0"6 

105 

1 .7x1 0~6 

IO-7 

8x10' 

•IS 

Sxio6 

Cyclic 

10'5 

io20 

2x1 0"7 

10 

1.7x10"5 

0.1 

2x10' 

12 

Q 

2x10" 

Adiabatic 

10-7 

to17 

2x1 O-6 

1 

1.7x10"4 

r- 

i 

o 

5xl0~ 

12 

SxlO5 

This  table  summarizes  anticipated  conditions  in  a  superconducting 
trap  with  10^  atoms  using  the  cooling  schemes  outlined  above  (and 
assuming  the  clever  experimentalist  can  figure  out  a  way  to  utilize  the 
basically  single  particle  cooling  schemes  at  these  projected  densities), 
i  is  the  average  interatom  separation,  is  the  deBroglie  wavelength, 
V(l)  is  the  van  der  Waals  interaction  at  i,  Q  is  the  cross  section,  and 


D  15 


rc  5  vQ  is  the  collision  rate. 

The  collision  cross  section  is  based  on  standard  quantal  results 
for  scattering  by  long  range  potentials.  Below  T/'IQ^K,  the  scattering 
becomes  predominately  s-wave  and,  although  this  is  still  the  most  prob¬ 
able  value,  the  cross  section  can  be  anything  up  to  4**d2  9X2/T(Kelvin) 
if  there  is  an  s-vave  resonance.  Three  body  s-wave  collisions  may  lead 
to  the  formation  of  bound  (and  also  trapped)  triplet  state  diatomics 
(KVS01). 

Collective  phenomena  will  obviously  be  very  important  under  the 

S 

projected  conditions.  Bose  condensation  occurs  when  a^>1,  a  condition 
which  would  obtain  even  if  the  number  of  trapped  atoms  decreases  by  10  ! 
It  will  be  observable  as  a  sharp  spike  in  the  NMR  spectrum,  even  for  a 
transition  which  is  broadened  by  the  magnetic  field  inhomogeneities 
ntceusary  to  trap  the  atoms.  This  spike  is  probably  not  useful  as  a 
frequency  reference  because  the  Bose  condensation  enhances  the  interpar¬ 
ticle  interactions,  shifting  the  resonance.  A  degenerate  Fermi  gas 
.might  be  a  preferable  frequency  standard  since  the  density  of  filled 
states  near  the  bottom  of  the  Fermi  sea  is  nearly  independent  of  the 
temperature  and  number  of  trapped  atoms  -  moreover  fermions  have  no  s- 
wave  scattering,  so  interparticle  interactions  would  be  strongly 
suppressed. 

One  particularly  intriguing  possibility  for  new  coherent  behavior 
arises  in  atom-radiation  field  coherence.  In  contrast  to  the  phenomena 


of  superradiance  in  extended  samples  and  phase  matching  in  general, 
where  the  wavelength  of  the  radiation  is  the  dominant  long  range 
interaction,  the  de  Broglie  wavelength  now  has  the  longest  range.  For 
two  particle  systems  this  means  that  the  atoms  closer  than  a  light 
wavelength  are  in  a  free  molecular  state  with  zero  rotational  angular 
momentum.  Since  the  energy  spread  is  *kT,  it  will  be  possible  to  do 
high  resolution  free-bound  spectroscopy  (eg.  of  pure  long  range 
molecules,  STW81)!  I  do  not  know  the  implications  of  Xd  >  X  light  in 
multi-atom  systems,  however. 

This  work  was  supported  by  the  Office  of  Naval  Research. 

KVS81  Yu  Kagan,  I. A.  Vartanyantz,  G.V.  Shlyapnikov,  Zh.  Eicsp  &  Teor. 
Fiz  (USSR)  1113  (1981);  JETP  Sept.  *81. 

PRI83  David  E.  Pritchard,  Phys.  Rev.  Lett.  J51_,  1336  (1983). 

STW81  Bill  Stwalley's  idea  -  I  lost  the  reference. 

WII79  D.J.  Wineland  and  W.M.  Itano,  Phys.  Rev.  A£G,  1521  (1979)* 
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